Abstract: Improved ionic conductivity of solid polymer electrolytes (SPE) was achieved by adding polyaniline (PANI) in membrane formulation. SPE composite membranes contain: tris(4-hidroxybutylacrylate)-phosphate, polyphosphoester, lithium salts and small amount of PANI. The conductivity of membranes increases with PANI content and above a certain amount it decreases. The variation of the conductivity vs temperature is linear, characteristic for a thermally activated process. The activation energy for polymer matrix without PANI is 0.30 eV and 0.26 eV for polymer matrix with PANI. Conductivity enhancement in the composite polymer matrix is caused by the presence of PANI due to the increase in the concentration of free ions. PANI decreases the salt aggregation and as a consequence, the concentration of free ions was increased by improving dispersion of the lithium salt in membranes.
Introduction
Polymer electrolytes present high conductivity and in comparison with the liquid electrolytes present the advantage of longer life, absence of leaking and very important, the ability to easy fabrication into a wide variety of shapes and sizes [1, 2] . Usually, the solid polymer electrolytes (SPE) are obtained by dissolving proper salts in polymer matrix, poly(ethylene oxide) (PEO) or modified PEO. The salt dissociates into free ions under the coordinating effects of neighboring polymer segments containing polar ether oxygen groups. The changes in the location of ions are possible due to the rearrangements of the position and configuration of chain segments. The ionic transport and polymer segmental motion are taking place in the amorphous phase of a polymer matrix [3] . On the other hand, the SPEs based on polymer matrix consisting of rigid and flexible segments have also attracted much interest due to their superior mechanical properties. Rigid segments act as a supporting structure to sustain the polymer electrolyte and establish the inter-chain interaction. Flexible segments function as a pathway to transmit the ionic diffusion and chain motion [4] . Polymer matrix containing sequential polar groups such as O-, -NH-or -C-N-in the polymer chain were also found to dissolve lithium salts [3] [4] [5] [6] . A drawback of PEO-Li salt systems is the very low ionic conductivity at room temperature (10 -7 -10 -8 S cm -1 ) [2, [7] [8] [9] due to the limitation of the ion concentration. In order to improve properties such as ionic conductivity, chemical, mechanical, and thermal stability, some additives have been incorporated in polymer electrolytes [2, 10, 11] . Various polymer electrolytes with improved mechanical, electrical and thermal stability are obtained from copolymers or polymer blends [6, 7] . Increase of the salt content in the electrolytes and as a consequence of conductivity is possible by adding solvents with high dielectric constant (propylenecarbonate, ethylenecarbonate, diethyl or dimethyl carbonate) to polymer electrolytes [10] . Also, the additions of ionic liquids enhance the ionic conductivity and electrochemical stability of polymer electrolytes [12] and of nanoparticles (such as SiO 2 , TiO 2 , Al 2 O 3 ) improve the conductivity and mechanical and thermal properties [10, 13] .
In this work, we introduced polyaniline (PANI) into polyphosphoester membranes, with lithium triflate. Polyaniline (PANI) was introduced in membrane formulation in order to enhance the ionic conductivity of SPE. The PANI amounts chosen to be use in formulation were under 0.3 wt%. SPE composite membranes contain: tris(4-hidroxybutylacrylate)-phosphate, polyphosphoester, lithium triflate 15 wt% and different amount of PANI. The effect of PANI on the ionic conductivity and transference number of polyphosphoester polymer by applying various electrochemical methods was investigated.
Experimental Materials
Freshly distilled aniline cooled at -4 °C and ammonium peroxydisulfate (Merck), ammonium hydroxide, N-methyl pyrrolidone (NMP, Fluka), ethylene carbonate (EC, Sigma Aldrich) were used. The PANI was obtained by chemical polymerization of aniline in organic acid containing phosphorous like phenylphosphinic acid (Aldrich), in the presence of ammonium peroxydisulfate as oxidant agent [14] . The resulting PANI was dried in dynamic vacuum for 24 h. The product was converted to PANI-base form with ammonium hydroxide (to obtain dedoped form). Tris(4-hydroxybutylacrylate)-phosphate, was obtained from 4-hydroxybutylacrylate and phosphorus oxychloride in the presence of 1-methylimidazole and polyphosphoester was prepared from 4-hydroxybutylacrylate, phosphorus oxychloride and polypropylene glycol 1200 (PPG). The lithium triflate (Aldrich, LiTf), used to complex polyphosphoester, was dried under vacuum at 120 °C, 24 h prior use.
Preparation of solid polymer electrolytes
Polymer electrolytes membranes were prepared from tris(4-hydroxybutylacrylate)-phosphate (45 wt%), polyphosphoester based on PPG (40 wt%). Lithium salts (i.e. LiTf) (15 wt%) was dissolved in methanol (in minimum quantity) and added to polymer mixture. Complexation of polymer mixture was made in an oven at 60 °C for 6 h. Certain amount of prepared dedoped PANI dissolved in NMP was added to the complexed polymer mixture and after that Darocure 4265 (Cognis) as photoinitiator (3 wt%) was added. The mixture was cast on a Teflon plate with a 6 cm long Doctor Blade film applicator and cured by exposure to UV Lamp type Sunray 400SM, to form polymer electrolyte films. In Table 1 are presented the notation and composition of prepared lithium polymers membranes.
Analysis
IR spectra were recorded with spectrometer Jasco FTIR 4200, Miracle ATR with ZnSe crystal plate at a resolution of 4 cm , in the range from 25 to 850 °C. Ionic conductivity of the membranes was determined by the AC impedance spectroscopy. The Autolab 302N potentiostat/galvanostat equipped with the FRA2 impedance module was used. The sample was sandwiched between symmetrical cells containing blocking stainless steel (SS) electrodes. Analysis of the impedance spectra is based on the Bode diagrams. At the point where the phase angle is zero (or close to zero), the impedance is pure ohmic and the resistance of the membrane can directly be determined and used for the ionic conductivity calculation, by the following equation (1):
where: σ -ionic conductivity, R b -the resistance corresponding to the angle closest to zero in the Bode diagram, h -the height of the sample between the electrodes, A -the cross-sectional contact area of the measured sample.
The study of conductivity function of temperature was performed in the range of 25-90 °C. The activation energy was calculated using the Arrhenius equation (2):
where: σ 0 represents the pre-exponential factor in S cm -1 , E a is the activation energy in eV, and k is the Boltzmann constant.
Transference numbers were evaluated with Wagner's polarization technique, [15] monitoring the current as a function of time on application of a fixed dc voltage (1.5 V) across the cell with the equation (3):
where: I i is the initial current and I f is the final residual current.
Results and discussion
FT-IR spectroscopy technique is used to study the polyphosphate and the interaction that occurs in the polymer-salt complexes with or without PANI. Pure polymeric structure of membrane (not presented) showed characteristic peaks due to acrylic, phosphate and PPG units. The most relevant features in this spectra correspond to absorption of carbonyl groups (C = O) situated at 1740 cm -1 , of ether group (C-O-C) at 1100 cm -1 and of phosphate groups at 1280 (P = O) and 1077 cm -1 . PANI dedoped displays characteristic absorption bands around 1588, 1495 which can be attributed to the C = C stretching vibration mode of the quinonoid and benzenoid rings, at 1375 and 1605 cm -1 attributed to the stretching mode of C-N group and 3430 cm -1 attributed to N-H [16] . The infrared spectra for the membranes P and P1 -P3 and main ATR-FT-IR bands and their assignments are present in Table 2 .
By adding lithium salt in the polyphosphate matrix (P) the intensity of the bands is reduced and shifted to the lower frequency at 1252 (P = O), 1080 cm -1 (-O-) and 1020 cm -1 (C-O). This shift takes place to the lower wave numbers depending on the degree of delocalization of electrons due to the complexation with Li + . This behavior is caused by the coordinative bond formed between oxygen atoms from phosphate and ether group and lithium ion. This leads to the formation of complexes between polymer and salt. The absorption bands of complexed lithium polymer (Table 2 ) are shifted to lower wave numbers by about 10 cm -1 -18 cm -1 as compared to polyphosphate matrix. The shift to the lower frequency values upon to complexation was reported by other authors [17] . The PANI characteristic absorption band overlaps with the phosphate matrix and due to the small quantity of PANI the changes in ATR spectra of P1, P2 and P3 are discussed based on bands associated with the phosphate, PPG and acrylate unit. ATR spectra of membranes P1, P2 and P3 are similar with P spectrum, except a small shift tendency to the lower wavenumbers of the bands for P2: P-O-at 1057 to 1056 cm -1 and 1080 to 1079 cm -1 for C-O and 1256 to 1251 cm -1 for P = O (Table 2 ). This small shift of absorption bands due to the complexation was also reported for other SPE [17, 18] . The presence of PANI in membrane formulation shifts these bands to lower frequency due to an enhanced complexation of lithium salt. No changes concerning the peak shifting of these bands for membranes with a lower (P1) and a higher amount of PANI (P3) than in P2 are observed. Based on this result, we believe that nitrogen sites from PANI contributed together with oxygen atoms from ether group and phosphate group to the strong interaction with lithium cation and affected the ionic mobility in the polymer electrolyte system. The addition of PANI in the formulation of membranes P1-P3 causes a chemical interaction between PANI and lithium salt (the color of membranes is green characteristic to PANI doped and not blue as PANI dedoped). The vibration mode appears at 1523 and 1456 cm -1 in P1-P3 membranes and corresponds to stretching of N = Q = N and N-B-N. This shift, comparatively with PANI dedoped, takes place to the lower wave numbers depending on the degree of delocalization of electrons due to the complexation with Li + . Also, this indicates that the doping of PANI by the lithium salt affects the electronic structure of the quinoid units and benzenoid units. Lithium ion is able to coordinate to nitrogen atoms of the polymer backbone, leading to a pseudo-protonation of the polymer. The shifting frequency indicates longer effective conjugation length of the polymer. From the above observation we may conclude that the PANI doped by lithium salt is not an oxidative process but it takes place via pseudoprotonation. The protonation of PANI base implies a charge redistribution which leads to the formation of a polaron lattice (polysemiquinone radical type). This may be the cause in ATR spectrum of the increase of the band intensity around 1157 cm PANI increases. It was observed that membrane P2 presents a more intense band, indicating a higher conductivity for this membrane, which is proved by conductivity measurements. The low intensity signal obtained for P1 and P3 membranes points out that complexation of lithium ions with the PANI changes the aggregation state of PANI molecular chains. Also, in P2 it is an optimum value of PANI concentration for getting the best conduction path in this membrane and the highest conductivity. The samples present similar weight losses. The data indicates no major changes in TG by adding small amounts of PANI. The difference between the weight losses are about 3 %. The thermal stability of membranes is placed at 235 °C. In the range temperature from 66 to 85 °C, the mass loss about 3.74 % is attributed to the residual solvent (all the membranes were analyzed without an a priori drying). A major and sharp mass loss at about 44 % begins at about 235 °C and is completed at about 285 °C. This process corresponds to the decomposition of polymeric backbone especially of PPG unit from polyphosphate. The next mass loss between 285 and 600 °C represents about 40 % for all samples and corresponds to the cleavage of acrylic and phosphate units in main chains and PANI. The weight loss over 600 °C represents about 5 % from weight samples. The total weight losses of sample are 93 %. Morphology analysis of the polymeric membranes was carried out by SEM to investigate the effect of PANI content on the membranes surface. structures recognized as lithium salt. The complexation is an important step in membrane preparation and in practice this step is found to be complicated. A good dispersion is necessary in order to increase conductivity. Compound with high dielectric constant enhance the conductivity of polymer electrolytes due to enhance of the dissociation of ion pairs of the salt. For example, propylene carbonate is used in preparation of the polymer electrolyte [19] . In this tendency we choose PANI which is a polymer with high dielectric constant to serve as a disperse agent to enhance the dissociation of lithium salt in polymer matrix. PANI is a well known polymer, easily available and has the potential to improve the dissociation of ion pair of the salts in polymer matrix due to the nitrogen sites. The dispersing capacity of PANI was proved by SEM (Fig. 1) . Low amount of PANI were used as dispersing agent for improvement of electrical properties. Adding 0.15 % PANI in the membrane formulation, a double increase in conductivity values was achieved. The data presented in Fig. 2 indicates that the membranes P1-P3 conductivity depends on the amount of PANI. The membranes P1-P3 present the same amount of lithium salt (15 %) and the difference between these membranes lies only in the PANI content. In the membranes PANI chains are present in the interlayer spaces and are assumed to take a more extended and regular conformation than in its bulk form, thus enhancing the conductivity of the composites.
The conductivities of membranes increase with PANI content and above a certain amount decrease. At low PANI content (0.002 wt%) (membrane P1) the conductivity is almost the same that in membrane P without PANI. Adding a higher amount of PANI (0.15 %) in formulation the ion transport is facilitated, so that, membranes P2, shows higher ionic conductivity. It is in according with the tendency of absorption band of ether unity (-O-) to shift to the lower wavenumber as a consequence of increase complexation. Increasing the amount of PANI (0.29 wt%) the conductivity decrease. The conduction mechanism depends on the interaction between lithium salts particles, PANI and polymer matrix. This variation of membrane conductivity with PANI content is a result of two opposite factors: (i) the possibility of PANI sites to complex easily with the lithium salt and improve the dispersion of the salt in membranes and to avoid the aggregation of charge carriers and (ii) the aggregation tendency of PANI particle that reduces the available PANI sites for salt complexation and interfering in the conduction path. An increase of the available number of charge carriers due to the decrease of lithium ions aggregation takes place as a result of salt complexation with nitrogen PANI sites. The charge transport in polymer electrolyte membranes P1-P3 is predominantly due to ions, and values obtained for the total ionic transference number was found to be over 0.99 in these polymer electrolyte systems. The presence of PANI in membranes does not decrease the ionic transference number determined for membrane P.
At low concentration the PANI tendency to form aggregates are low and the conformational structure of polymer chain becomes more expanded, and therefore easily complex the lithium salt. With the increase of amount of PANI the conductivity decreases substantially. This is possible due to the increase size of PANI aggregates at higher content. At higher concentrations due to the aggregation tendency of PANI particle, the contacts for forming continuous conduction paths are suppress. Comparing the conductivities of P1 and P2 at 25 °C with other SPE phosphonate systems, these membranes present higher conductivities [9, 20] . The conductivity of all membranes increases with the increase of the temperature since the ions and chains mobility increase. The polymer segments can easily expand with the increase of temperature and move without difficulty. Practically, this enhance in mobility is explain by the increase of contact sites and the formation of continuous electrically conductive arrangement. The conductivities rise to 1.05 × 10 -4 S cm -1 for P2, 2.805 × 10 -5 S cm -1 for P1 and 2.95 × 10 -5 S cm -1 for P at 50 °C. At 50 °C the difference between the conductivity is about 10 times higher in the case of P2 comparatively with the other membranes. The variation trend of the conductivity vs. temperature is linear, characteristic for a thermally activated process. The conductivity plotted in Arrhenius coordinates (log conductivity vs. 1000/T) is presented in Fig. 3 . The activation energy calculated using the Arrhenius equation (2) from the slope and the pre-exponential factor from the intercept with the vertical axis are presented in Table 3 . All samples fit well the Arrhenius equation, the R 2 values are closed to unit. The conduction mechanism developed in these membranes is thermally assisted. The conductivity depends on the number of charge carriers and their mobility [21] .
Low activation energy means a low energy barrier and a good conduction and the frequency of the jumps is proportional with the activation energy. Therefore, high mobility can be provided with low activation energy. Examining the obtained data the E a value is a result of the tendency of salt and PANI to aggregate and the increase number of carriers by PANI complexation. The low activation energy value was obtained for membrane P2. The quantity of PANI added in this membrane is optimum (0.15 %), lowering energy barrier, by a positive effect of increase number of carriers by the nitrogen complexation. A PANI quantity lower or higher than this value will increase the activation energy. The increase of Ea is a results of the tendency of salt or PANI to aggregate. A lower amount of PANI (membrane P1) is insufficient to overcome the salts tendency to aggregate and insufficient to disperse well the amount of lithium salt and the PANI chains seems to suppress even more the conduction paths. By introduction a higher amount of the PANI (membrane P3) the PANI tendency to form aggregates overcame the positive effect of increase number of carriers by the nitrogen complexation. Fig. 3 (a) The conductivity plotted in Arrhenius coordinates for membranes and (b) the log(σ 0 ) vs. activation energy. Table 3 The E a and pre-exponential factors for membranes P, P1-P3. The PANI aggregates modified the conductive arrangement and decreased the number of contact sites and the conductivity decrease. Analyzing the data for pre-exponential factors it was observed that σ 0 tends to compensate the increase in E a , phenomenon known as a compensation effect. The Meyer-Neldel rule (MNR) was primarily used in materials science and condensed matter physics; stated that the plot of the logarithm of the pre-exponential factor against activation energy is linear [22] . The data was fitted by the straight line: Lnσ 0 = 1.65E a + 0.28 (Fig. 3b) . Such a correlation between Arrhenius parameters is mentioned in the literature for many semiconductive materials inorganic and organic as well [23, 24] . This is a result of the carriers possibility, in the SPE membrane, to be transported by a combination of microscopic processes: the inter-chain interaction or hopping between localized sites and hopping among grains of PANI. The macroscopic conductivity will be determined by the slowest process.
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Conclusion
PANI can be used to serve as a disperse agent and enlarge the dissociation of lithium salt in polymer matrix, due to the nitrogen sites to improve the dissociation of ion pair of the salts in polymer matrix. Conductivity enhancement in the PANI polymer matrix is caused by PANI due to the increase in the concentration of free ions. The PANI avoids the aggregation and as a consequence the concentration of free ions was increased by improving dispersion of the lithium salt in membranes. Such membranes were shown to present higher conductivity at room temperature than membranes based on polymer matrix without addition of PANI and a conductivity of 1.05 × 10 -4 S cm -1 at 50 °C. The temperature-conductivity dependence of these membranes exhibits Arrhenius law. The activation energy for polymer matrix without PANI is 0.30 and 0.26 eV for polymer matrix with 0.15 wt% PANI.
